The rate of microbial respiration can be described by a rate law that gives the respiration rate as the product of a rate constant, biomass concentration, and three terms: one describing the kinetics of the electron-donating reaction, one for the kinetics of the electron-accepting reaction, and a thermodynamic term accounting for the energy available in the microbe's environment. The rate law, derived on the basis of chemiosmotic theory and nonlinear thermodynamics, is unique in that it accounts for both forward and reverse fluxes through the electron transport chain. Our analysis demonstrates how a microbe's respiration rate depends on the thermodynamic driving force, i.e., the net difference between the energy available from the environment and energy conserved as ATP. The rate laws commonly applied in microbiology, such as the Monod equation, are specific simplifications of the general law presented. The new rate law is significant because it affords the possibility of extrapolating in a rigorous manner from laboratory experiment to a broad range of natural conditions, including microbial growth where only limited energy is available. The rate law also provides a new explanation of threshold phenomena, which may reflect a thermodynamic equilibrium where the energy released by electron transfer balances that conserved by ADP phosphorylation.
Understanding the rate at which microbes respire in biological and geochemical systems is central to developing quantitative descriptions of a broad range of problems in microbiology, from the propagation of disease to the attenuation of contaminants in drinking-water supplies. Microbiologists have in recent years expended considerable effort in investigating microbial respiration rates under specific conditions (22, 33, 36, 41) .
In virtually all cases, the results of such studies have been cast in terms of a semi-empirical rate law such as the Monod equation (15) . Application of such rate laws is limited in two senses. First, because of their semi-empirical nature, they are best suited to interpolating the results of a set of experiments within the range of chemical conditions tested (7) . Second, none of the laws accounts for the thermodynamic effects of the energy available in the cell's environment. As such, there is no basis for applying a rate law derived for a laboratory experiment, where the available energy is typically maintained at a high level to provide for microbial growth at acceptable rates, to natural conditions, where much less energy may be available. As a result, the rate laws invariably predict positive activities even where there is no energy available to drive the cell's metabolism forward.
In a recent paper (13), we performed, on the basis of the chemiosmotic model of cellular respiration (19) and nonlinear nonequilibrium thermodynamics (6) , a rigorous analysis of the problem of respiration in eukaryotic cells by mitochondria. In our analysis, we accounted for a simultaneous forward and backward flux of electrons through the respiratory chain. The resulting rate law is the product of a rate constant, the biomass concentration, and three terms: one describing the kinetic effect of the electron-donating process, one for the electronaccepting process, and a thermodynamic term that accounts for the amount of energy available in the environment. We showed that this rate law correctly predicts respiration rates in mitochondria over a broad range of chemical conditions and available energy.
Respiring bacteria are similar to mitochondria in that they employ an electron transport chain to transduce energy from their environment (27) . As such, we might expect that a rate law describing mitochondrial respiration would also apply to respiration by prokaryotic cells. In this paper, we demonstrate that this is indeed the case. By casting the rate law in general terms, we provide a basis for extrapolating experimental studies over a range of chemical conditions. Especially, since the rate law honors the requirement of consistency between chemical kinetics and thermodynamics (6) , it allows respiration rates to be evaluated where only limited energy is available.
RATE LAW DERIVATION
Cellular respiration. According to chemiosmotic theory (19) , respiration is driven by a redox reaction. In its simplest form, this reaction
represents the transfer of electrons from a donating species D to an accepting species A. Here D ϩ and A Ϫ are the oxidized and reduced forms of D and A, and D , A , etc., are reaction coefficients. We chose a simple form for reaction 1, but the theory presented here applies equally well to redox reactions involving other chemical species, such as H ϩ , H 2 O, and so on, as described in the Appendix.
Reaction 1 is the combination of a half-cell reaction that donates electrons to the respiratory chain
and one that accepts electrons from the chain
( Fig. 1 ). Here n is the number of electrons transferred in reaction 1.
The respiratory chain conserves a part of the energy, ⌬G, released by reaction 1 by translocating protons out of the cell's membrane, generating a proton motive force. The proton motive force is then consumed in synthesizing ATP, the cell's energy currency, from ADP and phosphate, P i ,
Coupling reactions 1 and 4 gives the overall reaction
representing microbial respiration. Here m is the number of ATP molecules synthesized per n electrons transferred. Thermodynamic drive. The net thermodynamic driving force, f, for microbial respiration is given as f ϭ Ϫ⌬G Ϫ m⌬G p (6) from ⌬G, the free energy change of the redox reaction (a negative change releases energy, which becomes available to microorganisms), and the phosphorylation potential, ⌬G p (24), the free energy change of reaction 4. ⌬G p is about 50 kJ mol
Ϫ1
under typical physiological conditions (44) . 
Here R is the gas constant and T is the absolute temperature.
In general, reactions with negative free energy changes can proceed spontaneously. The negative signs in equation 6 arise because a negative free energy change of reaction reflects a positive thermodynamic drive. The term m⌬G p in equation 6 represents the energy conserved into ATP by reaction 5. Since the value of ⌬G p is positive, the energy utilized to phosphorylate ADP diminishes the driving force for the overall reaction (reaction 5).
Net respiration rate. As is any complex chemical reaction, microbial respiration (reaction 5) is composed of a series of individual steps: substrate transport, electron transfer, proton translocation, ADP phosphorylation, and so on. Each step occurs in the reaction, sometimes more than once. The net respiration rate, (given as molar concentration per second), is the difference between the forward and reverse rates, ϩ and Ϫ , so that
The forward rate exceeds the reverse rate when the net driving force f is positive, and the overall reaction proceeds forward. When the net driving force is negative, conversely, the reverse rate dominates and the reaction proceeds backward. The relationship between thermodynamic driving force and the overall reaction rate is explained by the theory of nonlinear nonequilibrium thermodynamics. A principal result of this field of study (6) shows that the ratio of the forward and reverse reaction rates varies with the driving force f according to
In this equation, is a quantity known as the average stoichiometric number (34) , which is defined as the ratio of the free energy change of the overall reaction (reaction 5) to the sum of the free energy changes for each elementary step. Depending on the reaction mechanism, an elementary step may occur more than once in the overall reaction. Where each of the steps occurs just once, the ratio and hence reduces to unity. For cellular respiration, however, the value of seldom takes a value of one. Instead, it can be taken to a good approximation as the number of times the rate-determining step occurs in the overall reaction.
Combining equations 8 and 9, the net respiration rate is
where F T is the thermodynamic potential factor,
This factor can range from 0 to 1 when there is a forward drive for respiration (f Ͼ 0) and from Ϫϱ to 0 when the force drives respiration backward (f Ͻ 0). The forward respiration rate, ϩ , can vary up to the maximum rate, max (molar concentration per second), which occurs under optimum conditions, i.e., sufficient energy, high electron donor and acceptor concentrations, and low concentrations of the reaction products in the environment. This value is given by
where k is the intrinsic rate constant (moles per gram per second) and [X] is the biomass concentration (grams per liter).
In the general case, however, the concentrations of species in solution affect the reaction kinetics, and the maximum rate is unlikely to be observed. In our previous study (13) , we derived in a rigorous manner the relation between ϩ and max . We showed that this relation, given as
depends on two unitless factors, F D and F A , which account for the kinetics of the electron-donating and -accepting half-reactions (reactions 2 and 3). The value of kinetic factor F D is given by
and the value of F A is given by
Here, ␤ D , ␤ A , and so on are exponents whose values depend on details of the mechanism of electron transport and K D and K A are constants that reflect the standard free energy changes of the electron-donating and -accepting reactions (13) . The values of F D and F A can vary from near 0 to almost 1 depending on the concentrations of the reactant and product species appearing in the donating and accepting half-reactions. The values of the exponents (␤ D , ␤ A , etc.) are not predicted by theory and so must be inferred from observation; as a first guess, however, they may be taken to be equal to unity, as we assume throughout the remainder of this paper.
Combining equations 10, 12, and 13, the overall rate of microbial respiration is described by the general rate law
The respiration rate, then, is the product of the maximum rate (since k[X] ϭ max ), the kinetic factors F D and F A , and the thermodynamic factor, F T . This equation clearly shows how kinetic and thermodynamic factors control microbial respiration. Some of the parameters, such as m and , needed to evaluate the rate law can be determined or estimated from knowledge of a cell's physiology, as discussed in subsequent sections of this paper. Parameters such as k, K D , and K A , on the other hand, are most directly determined by fitting the rate law to experimental observations. Biomass growth. The energy conserved as ATP constitutes the cell's energy resource for maintaining and synthesizing biomass. Respiration, therefore, can lead to a change in biomass concentration [X] , and this change may need to be accounted for in integrating the rate law (equation 16) over time.
Microbial growth may be limited by the rate at which energy is captured during respiration or by the availability of nutrients needed to synthesize biomass. Where energy conservation rather than nutrients is the factor limiting growth, the rate of biomass synthesis (grams per liter per second) is commonly taken to vary with the respiration rate, , according to the empirical equation (21) 
where Y is the growth yield (grams of biomass produced per mole of reaction) and D is the decay constant (reciprocal seconds). Energy of phosphorylation. In the derivation above, we describe the energy conserved by respiration in terms of two variables: the free energy change of the phosphorylation reaction, ⌬G p , and the number of ATP molecules synthesized in the overall reaction, m. We treat these values as constants, an appropriate assumption when respiration is at steady state. Indeed, many microorganisms, such as Escherichia coli and Wolinella succinogenes, are able to maintain a relatively constant proton motive force and phosphorylation potential, ⌬G p , during respiration across large variations in the energy, ⌬G, available from the environment (38, 39) . It is important to keep in mind, nonetheless, that the value of ⌬G p depends on the concentration ratio of ATP to ADP in the cytoplasm, as well as the concentration of free phosphate ion (24) .
A microorganism in nature can regulate ATP production by its respiratory chain by changing the value of m to reflect physiological conditions (11) . Indeed, the ability of microorganisms to adjust the amount of energy conserved during respiration to meet cellular energetic and physiological demands is well known (14, 26, 28) . A microorganism can, for example, decrease the effective value of m by synthesizing alternative redox enzymes that translocate fewer protons than normal. By decreasing the value of m, an organism increases its respiration rate by increasing f and hence F T , as can be seen in equations 6 and 11.
Average stoichiometric number. The value of in our model can be taken as the number of times the rate-determining step occurs per overall reaction. The rate-determining step in many common configurations of the respiratory chain is in our experience related to proton translocation across a redox enzyme. The value of therefore reflects the mechanism of electron transfer through this enzyme: it is the number of protons translocated by the enzyme in the overall reaction.
This value, in turn, depends on how the respiration reaction is written, i.e., the number of electrons transferred. It is therefore seldom appropriate to assume a priori that equals unity. The value of F T , on the other hand, does not depend on how the reaction is written, because both the thermodynamic driving force, f, in the numerator of equation 11 and in the denominator vary proportionately with the number of electrons transferred, n. In comparing different metabolisms, therefore, it is convenient to express as a value per electron transferred.
In the respiratory chain of Escherichia coli, most electrons passing from NADH to O 2 are transmitted through NADH dehydrogenase II and quinol oxidase bo 3 (40) . Transfer across the oxidase is the rate-determining step. Two protons are translocated per electron transferred, giving the value of per electron transferred of 2. As a second example, electrons passing from NADH to O 2 in Paracoccus denitrificans traverse NADH dehydrogenase I, the bc 1 complex, and cytochrome c oxidase, translocating per electron transferred a total of five protons (43) . Only proton translocation at cytochrome c oxidase, however, is rate determining (10) . Two protons are translocated here per electron transferred, so the value of per electron transferred is, by chance, also 2.
There are at least two significant cases in which the value of does not reflect proton translocation. First, transport of an 2342 JIN AND BETHKE APPL. ENVIRON. MICROBIOL.
electron-donating or accepting species across the cell membrane may comprise the rate-determining step. Such transport, especially for large exobiotic molecules, can require the expenditure of considerable energy (25) . Second, the passage of electrons to an extracellular electron acceptor, such as ironbearing minerals, may become the rate-determining step due to the distance over which electrons must be transferred (20) .
DISCUSSION
According to the rate law we developed (equation 16), kinetic as well as thermodynamic factors control the rate of microbial respiration. Where energy available in the environment is high compared to that conserved by ADP phosphorylation, the thermodynamic potential factor, F T , approximates unity and, for a given biomass concentration, the respiration rate is controlled solely by kinetic factors.
Kinetic control. The oxidation of organic compounds by dioxygen (2, 30, 32) commonly provides sufficient energy that the thermodynamic term can be neglected. In such cases, the rate law becomes
where we have taken the various exponents ␤ to be unity. , decreasing the respiration rate when they control the denominator. Buildup of product species, it should be noted, can also inhibit respiration by decreasing the thermodynamic driving force (13) . This effect is accounted for in equation 16 by the thermodynamic potential factor, F T , as discussed below (see "Arsenate reduction").
Thermodynamic control. In many natural environments, the depletion of the electron-donating or -accepting species or the buildup of reaction products has diminished the ability of the environment to supply energy to a cell. Notable examples of such environments are the interiors of microbial mats and the deep reaches of stratified water columns (18, 35) .
Where the energy available in the environment is only slightly greater than that conserved by ADP phosphorylation (m⌬G p ), the net driving force, f, and hence F T approach zero.
The thermodynamic factor becomes a dominant control on respiration rate and must be included in the rate law. When the respiration reaction (reaction 5) is at equilibrium, the energy available from the environment balances the energy conserved. In this case, f is zero and so is F T . Electrons proceed forward and backward through the transport chain at the same rate, giving a net respiration rate of zero. If the available energy drops below that needed to synthesize ATP (i.e., m⌬G p ), then f and hence F T become negative. The values of max , F D , and F A are invariably positive, so that the respiration rate, the product of these variables and F T , is negative.
In this case, ATP hydrolysis drives electrons backward through the respiratory chain, needlessly consuming the cell's energy stores, unless the microbe disables the chain. Only in special cases, such as producing reducing potential as NADH from NAD ϩ , does a microbe allow electrons to run backward through its respiratory chain. To prevent respiration from reversing, microorganisms employ certain regulatory mechanisms, such as curtailing synthesis of critical redox enzymes, to disengage the respiratory chain as the overall reaction approaches equilibrium. Therefore, although it can theoretically decrease to Ϫϱ, microbial regulation ensures that under most circumstances, the value of F T ranges from 0 to 1.
The relationship between the driving force, f, and the thermodynamic potential factor, F T , is well illustrated by the data in Fig. 2 , reported by Rottenberg and Gutman (29, their Fig.  3 ). In their experiments on the mitochondrial respiratory chain, succinate donates electrons to the chain and NAD ϩ accepts electrons from the chain. About 4/3 moles of ATP is hydrolyzed per mole of succinate consumed. The amount of mitochondrial protein in the experiments and the concentrations of the chemical species except ADP and P i were held constant, so that max , F D , and F A do not vary. The respiration rate, therefore, depends only on F T , which can be seen to approach unity when f is greater than about 20 kJ per mol of FIG. 2 . Relationship between the thermodynamic driving force, f, and the thermodynamic potential factor, F T , for electron transfer through mitochondrial respiratory chain (13) , as reported by Rottenberg and Gutman (29; their Fig. 3) . Data points are F T , estimated as the ratio of the observed electron transfer rate, , relative to the observed or extrapolated highest rate (i.e., max ϫ F D ϫ F A ). The thermodynamic driving force is estimated by equation 6, using reported concentrations of chemical species. The solid line is F T predicted by equation 11 at various thermodynamic driving forces, calculated using an average stoichiometric number, , per electron transferred of 2. Symbols: ᮀ constant ⌬G of Ϫ27.5 kJ per mol of electrons; E, constant ⌬G of Ϫ30.2 kJ per mol of electrons.
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RATE LAW DESCRIBING MICROBIAL RESPIRATION 2343 electrons. As predicted by our analysis, F T decreases toward zero as f becomes small. Benzoate degradation. To show how the new rate law can be applied where thermodynamic effects can be neglected, we consider the degradation of benzoate by a Pseudomonas strain, as reported in an experimental study by Simkins and Alexander (31) . Benzoate (Ben Ϫ ) oxidizes according to the reaction
To donate electrons to the respiratory chain, benzoate first degrades to intermediates of formate, acetaldehyde, and pyruvate, consuming two oxygen molecules per benzoate (9) . Then, the 22 electrons derived from these intermediates are utilized for oxidative phosphorylation. About 5 protons are translocated per electron transferred (43) , and 3 protons are consumed to synthesize each ATP (37) , giving a total of about 37 ATP per benzoate. We can show that in this case the thermodynamic effect is small. As discussed above, for aerobic respiration the value of per electron transferred is 2. In reaction 21, 22 electrons are transferred though the respiratory chain (n ϭ 22), giving a of 44. Substituting these values into equation 11, F T is given by
The experiments were conducted in contact with the atmosphere, and the growth medium contained a pH buffer. We assume that pH in the experiments was buffered to 7 and that the O 2 and HCO 3 Ϫ concentrations were 0.27 and 0.06 mM, respectively, corresponding to the partial pressures in the atmosphere of O 2 and CO 2 . To calculate ⌬G from equation 7 
and F A remains constant. Now, the rate law (equation 16) takes the form
of the Monod equation. This result (equation 24) predicts, using a single set of kinetic parameters, the results of the gamut of benzoate oxidation experiments undertaken by Simkins and Alexander (31), as shown in Fig. 3 . We modeled these experiments by integrating the rate law (equation 24), using equation 17 to describe microbial growth. We set a growth yield, Y, of 60 g of biomass per mol of benzoate consumed, a decay constant D of zero, and the initial biomass concentrations reported in the study, which range from 1.8 ϫ 10 Ϫ3 to 3.0 ϫ 10 Ϫ3 g liter Ϫ1 . We found best-fit values of 1.2 ϫ 10 Ϫ6 mol g Ϫ1 s Ϫ1 for kЈ and 3.14 ϫ 10 Ϫ6 M for KЈ D . In the original study, the results of each experiment were fit separately to one of four different rate laws (the logistic, Monod, Michaelis-Menten, and first-order equations), depending on the pattern of the data, using a unique set of kinetic parameters, even though there is no reason to suspect that the mechanism by which benzoate oxidizes varied among the experiments. It is perhaps not surprising that the results of the entire set of experiments can be predicted using the Monod equation applied with a single set of parameters, although this has not been noted previously.
The result is significant, nonetheless, in that instead of empirically selecting an equation to fit the data, as is common practice, the law was reached in a rigorous manner by simplifying the general rate law to a specific form applicable to the experimental conditions of interest. In applying the experimental results to a field situation or differing conditions in the laboratory, we would have no guidance in selecting an empirical form for the rate law. However, the new rate law, because of its generality, affords the possibility of finding the correct rate law directly.
Arsenate Reduction. An experimental study of arsenate reduction by Bacillus arsenicoselenatis, reported by Blum et al. (see Fig. 4 of reference 5), provides an example in which thermodynamics controls the respiration rate. In their experi- ment, B. arsenicoselenatis conserves energy by oxidizing lactate (Lac 2Ϫ ) to acetate (Ac Ϫ ) and bicarbonate, reducing arsenate to arsenite. The concentrations of acetate and arsenite increase at the expense of lactate and arsenate (Fig. 4) , and the biomass concentration increases (Fig. 5) over the course of the experiment. The reaction, however, ceases before either the lactate or arsenate has been completely consumed.
In light of the rate law we propose (equation 16), it is worthwhile considering whether the reaction end point in the experiment represents a thermodynamic balance between the energy available in the environment, ⌬G, and that needed to synthesize ATP, m⌬G p . In other words, does the reaction in the experiment cease when the thermodynamic drive, f, approaches zero? To test this point, we need to figure values for ⌬G, the free energy change of the reaction, and m, the number of ATP molecules synthesized per overall reaction.
The overall reaction
transfers a total of four electrons per overall reaction; its standard Gibbs free energy change of reaction ⌬G o is Ϫ140.3 kJ mol Ϫ1 (16) . The available energy ⌬G can be estimated from the concentrations at the end of the experiment of the chemical species in the reaction: arsenite and acetate reach 10.5 and 5.3 mM, respectively, and about 5.2 mM lactate and 0.5 mM arsenate remain to be metabolized. The pH of the growth medium was buffered to 9.8, and we take the bicarbonate concentration to be similar to that of acetate since the two chemical species are produced in stoichiometric proportion. Based on these values, ⌬G at the experiment end point is about Ϫ130 kJ mol Ϫ1 . If the thermodynamic drive is indeed in balance, taking ⌬G p in equation 6 to be 50 kJ per mol of ATP suggests that the number of ATP molecules produced by the reaction, m, is about 2.6.
Is this value reasonable? We can independently estimate the value of m from a known pathway of lactate oxidation (42) and a pathway proposed recently by Newman et al. (23) for arsenate reduction. Oxidation of lactate to acetate and bicarbonate yields one ATP molecule per lactate through substrate level phosphorylation. The four electrons derived from this process are transferred through the respiratory chain and used to reduce arsenate. According to the speculative model of Newman et al. (23) , a single proton is translocated across the cell membrane per electron transferred. Assuming that 3 protons are consumed per ATP synthesized, 1.3 ATP molecules are produced in this step. The total ATP yield, then, is 2.3 ATP molecules per overall reaction, which compares favorably, considering the uncertainties in the calculations, with the value of 2.6 previously determined as representing a thermodynamic balance.
To set up the rate law describing the experiment, we note that proton translocation occurs at a single point in the respiratory chain, once per electron transferred. This observation suggests that the value of is 1 per electron transferred, or 4 per reaction 25. Substituting our values for , m, and ⌬G p into equation 11,
gives the thermodynamic potential factor, F T .
From the form of the electron-donating half-reaction
and taking into account the pH buffering of the growth medium, the kinetic factor, F D (equation 14; see also Appendix), becomes
From the electron accepting half-reaction
we can similarly write the kinetic factor, ͪͬ (31) the rate law applicable to this experiment. To model biosynthesis over the course of the experiment, as described by equation 17, we can estimate the growth yield, Y, from the net growth in biomass per mole of lactate consumed; this value is about 8.3 g of biomass per mol of lactate. Since biomass did not decrease at any point in the experiment, we neglect decay; i.e., we take the decay constant, D, to be zero.
As such, only three parameters need be estimated to fit the rate law (equation 31) to the results: the rate constant k, which controls the maximum rate, and the constants KЈ D and KЈ A in the kinetic factors, which affect the shape of the curve. We evaluated the rate law using the computer program React (3, 4) , taking the following initial concentrations: lactate, 11 mM; acetate, 0 mM; bicarbonate, 0.1 mM; arsenate, 11 mM; and arsenite, 0 mM. Adjusting the program input to reproduce the experimental results, we found best-fit values for k of 4.4 ϫ 10 Ϫ6 mol s Ϫ1 g of biomass Ϫ1 and for KЈ D and KЈ A of 10 M Ϫ1 and 0.1, respectively. Figures 4 through 6 show the results of this calculation. As can be seen, our rate law predicts variation in the concentrations of the chemical species as well as biomass over the course of the experiment.
Having fit the experimental results, we can now interpret them in terms of the factors F D , F A , and F T , as shown in Fig.  6 . Initially, these factors are all approximately unity because the reactant species (lactate and arsenate) are present at high concentrations and there is little buildup of the product species (acetate, bicarbonate, and arsenite). The initial rate, therefore, depends only on the product of the rate constant and the biomass concentration. With time, biomass in the experiment increases, allowing the reaction to proceed with increasing rapidity. About 25 h into the experiment, the concentrations of the reactant species have decreased in concentration and the product species have accumulated significantly. Both kinetic and thermodynamic factors, as a result, decrease sharply. The reaction rate reaches a maximum at about 29 h. After this point, the rate begins to fall as the increase in biomass concentration cannot keep pace with the decreasing values of F D , F A , and F T . Continued reaction causes the thermodynamic drive to fall toward zero. About 50 h into the experiment, the thermodynamic drive has essentially disappeared, causing the reaction to nearly cease, even though significant amounts of both lactate and arsenate remain to be metabolized.
Threshold phenomena. These results bear on the interpretation of threshold phenomena, which are commonly observed in experimental studies of microbial metabolism (8) . A threshold is the concentration of an electron donor or acceptor below which the metabolism is observed to not operate. For example, threshold concentrations have been observed for the respiration of dihydrogen by using various electron-accepting processes. The threshold partial pressure of H 2 ranges from 10 Ϫ6 to 10 Ϫ4 atm when CO 2 serves as the electron acceptor (i.e., during methanogenesis) and from 10 Ϫ6 to 10 Ϫ5 atm when sulfate is the electron acceptor (17) .
Empirical rate laws such as the Monod equation predict that a microbe will continue to metabolize until the concentration of its substrate vanishes. Our rate law, on the other hand, differs from the empirical laws in that it predicts that respiration will cease, even in the presence of finite amounts of substrate, in the absence of a sufficient thermodynamic drive for the cell to conserve energy. In other words, our law gives a thermodynamic explanation for threshold phenomena.
Previous studies (12) have suggested that threshold phenomena represent the minimum substrate concentration or lowest Gibbs free energy needed to activate a metabolic pathway. This is certainly possible, but our study suggests an alternative explanation: the phenomena reflect a microbe's regulation of its respiratory chain under conditions where the energy available in the environment balances that conserved by ADP phosphorylation. As a substrate decreases in concentration, it reaches a point at which the thermodynamic drive approaches zero, i.e., where equilibrium is maintained across the respiratory chain. The cell's regulatory mechanism responds by allowing or causing the activities of its redox enzymes to fall, preventing backward electron transfer from needlessly depleting its ATP stores.
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APPENDIX
The discussion in the text of this paper considers that microbial respiration can be represented by a simple electron transfer reaction (reaction 5), although the theory presented, in fact, applies to more complicated reactions (13) . We can represent microbial respiration more generally as the reaction 
